Abstract Double porosity is a substantial microstructure characteristic in a wide range of geomaterials. It is a natural phenomenon that can be found in many types of soil, and it can result from biological, chemical or mechanical damage. In this paper, the influence of macropores on dense non-aqueous phase liquid (DNAPL) migration in double-porosity medium was investigated using light transmission visualization technique. Three experiments were carried out in two-dimensional flow chambers filled with a double-porosity medium composed of a mixture of local sand and sintered kaolin clay spheres arranged in a periodic manner. In each experiment, a different volumetric fraction of macro-pores and micropores was used. Tetrachloroethylene (PCE) was used to simulate DNAPL, and it was dyed using Oil-Red-O for better visualization. A predetermined amount of PCE was injected into the flow chambers and this amount was re-calculated using image analysis. A very strong correlation was found between the PCE amount injected and the amount calculated from image analysis in each experiment. The experiment was repeated by filling the flow chamber with silica sand to represent single-porosity medium. The results show that the macro-pores have a considerable effect on the PCE migration in double-porosity soil as the PCE movement was the fastest in the third experiment which contained the largest macro-pores volume. The accuracy of the method was validated using statistical analysis. The results show a slight difference between the means of the three experiments, indicating that the method is viable for monitoring NAPL
Introduction
Understanding fluid flow transport in porous media is important to natural soil science. Fluid flow in subsurface system is influenced by several factors. One of these factors is the soil structure. In the natural state, many types of soils have two distinct scales of porosity which explains the term double-porosity soil structure (Carminati et al. 2008) . Double porosity is a significant microstructure characteristic in a wide range of geomaterials. It is a phenomenon that occurs naturally in many types of subsurface media such as agricultural top soils, compacted soils and rock aquifers. This characteristic is usually the result of biological, mechanical or chemical damage (Tran Ngoc et al. 2014) . Double-porosity media usually have two discrete but overlapping continuums, where the contrasting characteristic pore size of each continuum results in a difference in hydraulic properties from each other (Russell 2010 ). Double porosity is said to be present when two separate pore systems occur concurrently in the soil fabric. The presence of double porosity can significantly influence the behavior of geomaterials (Tran Ngoc et al. 2014) . The concept of double-porosity soil surfaced soon after the rise of petroleum industry in 1859 after the drilling of the first oil well named the Drake Discovery Well in Pennsylvania, North America (Black 1998) .
Over the last few decades, several fluid flow studies in double-porosity media have been reported (Lewandowska et al. 2005 (Lewandowska et al. , 2008 Szymkiewicz et al. 2011; Peng et al. 2015; Sa'ari et al. 2015; Konyukhov and Pankratov 2015) .These studies used water and organic contaminants as the fluid, where the non-aqueous phase liquid (NAPL) was the contaminant that had the most widespread use. NAPL is a category of immiscible hydrocarbon in the subsurface and its movement in the ground, especially in the unsaturated zone, is very complex because it exists in various phases. Based on liquid density, NAPLs are classified into light non-aqueous phase liquids (LNAPL) that has density less than that of water, and dense non-aqueous phase liquids (DNAPL) that has density higher than that of water. When LNAPL is released into the subsurface, it will migrate downward under the influence of gravity until it reaches the water table (Mercer and Cohen 1990) . For DNAPL, it will behave similar to LNAPL in the unsaturated zone after being released into the subsurface, but while LNAPL tends to pool on groundwater it encountered, DNAPL will continue to migrate downward vertically into the saturated zone (Ngien 2012) .
Lately, it was found that the migration of fluids within soil can be investigated using image analysis techniques (Zheng et al. 2015; Sa'ari et al. 2015; Bob et al. 2008; Darnault et al. 1998 ). In the last few decades, the use of experimental technologies, especially the noninvasive imaging techniques, has increased, bringing with it a more accurate characterization and hence understanding of multiphase systems (Agaoglu et al. 2015) . A number of image analysis techniques to investigate and measure multiphase fluid contents in laboratory experiments have been reported by Alazaiza et al. (2015) and Oostrom et al. (2007) . These techniques include photon attenuation methods and photographic methods. Light transmission visualization (LTV) method is one of the photographic methods that was previously used by many researchers to observe NAPL migration in subsurface systems. Hoa (1981) was the first to develop LTV, and it was used to quantitatively calculate water saturation in a flow chamber filled with sand. Subsequently, several researchers also used LTV in their NAPL migration observation (Tidwell and Glass 1994; Darnault et al. 1998; Niemet and Selker 2001; Bob et al. 2008) .
LNAPL migration in double-porosity soil media was studied previously by Ngien et al. (2012) and Sa'ari et al. (2015) using light reflection method (LRM). Both studies concluded that macro-pores have a significant influence on the LNAPL migration. Ngien et al. (2012) applied aggregated kaolin as the double-porosity medium and compared the results with another study that used single-porosity media. However, their method needs calibration curves to correlate with the NAPL saturation, which is a complicated process and requires huge effort. In another previous study, Bob et al. (2008) used LTV for DNAPL saturation measurement in single-porosity media without the need for saturation calibration curves. They took into account both absorption and refraction light theories and have directly quantified DNAPL saturation in a two-phase (DNAPL-water) system.
The main objective of the study presented in this paper is to investigate the influence of macro-pores on DNAPL migration in double-porosity soil media. To the best of our knowledge, studying the influence of macro-pores on DNAPL migration in double-porosity media using LTV technique has still not been achieved. As a proof of concept, a double-porosity soil media was created following the method in Lewandowska et al. (2005) . The double-porosity media is comprised of sintered spheres made of clay (micropores) and local silica sand (macro-pores). This constitution of two different porous media resulted in heterogeneity in the soil structure and has an impact on the hydraulic properties (Peng et al. 2015) . Three 2-D experiments with different volumetric fractions of macro-pores and micropores were conducted while another similar 2-D experiment was conducted on single-porosity using only silica sand for comparison purpose. The LTV method was used to quantitatively analyze the migration of DNAPL in all samples. The method can accurately measure the distribution of DNAPL saturation in double-porosity soil, pixel by pixel.
Materials and Methods

Double-Porosity Physical Model
The materials which were used to create the double-porosity soil sample consisted of solidified clay spheres and fine sand. The solidified clay spheres were made of commercially available kaolin S300 (Lotte Chemical Titan, Malaysia), while the sand used was local silica sand (Lotte Chemical Titan, Malaysia). Prior to starting the experiments, general characteristics of the materials were tested. Figure 1 shows the particle size distribution for both silica sand and kaolin S300. The basic physical properties for both the sand and kaolin are presented in Table 1 . Mineralogical test was conducted for the two materials using X-ray diffraction (XRD) to investigate the mineral composition. The main component of the sand is quartz while for that of the kaolin S300 is the kaolinite group.
To create the double-porosity structure, sintered clay spheres with a diameter of 6 mm were made manually. The average pore size in clay spheres is around 5 µm. Specifically, the kaolin powder was mixed with sufficient amount of water to form the spheres before being fired at 1000 • C. The clay spheres were then put inside a furnace, and the temperature was increased gradually until it reached 1000 • C. The purpose of this process is to harden the kaolin spheres as well as to increase their ability to avoid disintegration during saturation. Scanning electron microscopy (SEM) test was carried out to inspect the clay spheres as shown in Fig. 2 . The other material, sand, was washed with distilled water to remove all fine residuals that might be present. As an extra precaution, the washing process was continued until the absorption of waste distilled water, as measured by a spectrophotometer, was similar at the same wavelength to the clean distilled water used for rinsing. Thereafter, the sand was oven-dried for 48 h at 45 • C. In order to build the double-porosity physical model, the clay spheres were put layer by layer in such a manner that they were touching each other. Between each clay sphere layer, a layer of sand was carefully poured, and then compaction was carried out by tapping a plastic hammer on the outer frame of the acrylic model. The thickness of the sand layer in each experiment was different since the weight of sand was different in each experiment. By repeating the aforementioned procedure, a periodical arrangement was obtained. Three In each subsequent experiment, the fraction of macro-pores was increased by 5% to investigate its influence on DNAPL migration. For Experiment 1, the volumetric fraction of 50% macro-pores and 50% micropores were used. For Experiment 2, 55% macro-pores and 45% micropores were used while for Experiment 3, 60% of micropores and 40% of micropores were used. These differences resulted in different weight of sand and clay fractions, which in turn differ the sand layer thickness. The thicknesses of sand layers were 1.15 cm, 1.12 and 1.10 cm for experiments 1, 2 and 3, respectively. We believe that this difference in the thickness of sand layers (macro-pores) can possibly affect the DNAPL migration in doubleporosity.
The flow chamber was saturated using distilled water with constant head boundary conditions from the bottom to the top of the model. The top of the model was sealed using silicon while the bottom side was used to saturate the model with water through the bottom ports. The left-hand and right-hand sides of the flow chamber were considered as zero flux boundary condition.
Experimental Procedures
Three 2-D flow chambers packed with double-porosity media were used in this study. The flow chambers were constructed using 10 mm Plexiglas material with internal dimensions of 45 cm height × 30 cm width × 1 cm depth. During the experiments, each flow chamber was kept in a fixed position inside a steel frame fixed to a stainless steel light box that contained the light source as shown in Fig. 3b . Two ports that were attached to the bottom of the flow chamber allowed outflow and inflow of fluids. The bottom ports were connected by plastic tube to a water tank where a valve between the flow chamber and the water tank was used to control the flow of water into the flow chamber. The experimental setup is shown in Fig. 3a .
The LTV system used in this study consisted mainly of a light source made up of five 18-W fluorescent tubes (Osram, Malaysia). A holographic light shaping diffuser (LSD) (Luminit, USA) was placed behind the flow chamber and in front of the light source to homogenize the light intensity.
Digital images were captured using a Nikon D 7100 digital camera (Nikon, Malaysia) which was kept at the same distance of 1.5 m from the light box during each experiment. The camera has 24 mega pixels (6000 × 4000 pixels) that result in a very high spatial resolution (i.e., each pixel represents approximately 0.07 cm 2 of the chamber surface area). The dynamic range of the camera is 12 bit that results in 4096 gray levels. The camera was connected to a laptop and the image acquisition was controlled using Nikon Camera Control Pro software. All images were collected using a 600-nm center wavelength 10-nm band-pass filter (Orientir Inc, China) which was attached to a 67 mm lens (NIKKOR 18-105 mm f/3.5-5.6G ED VR, Nikon, Malaysia). The aperture setting of the lens was adjusted in order to fully utilize the dynamic range of the camera using exposure times of a few seconds. The aperture of the lens was fixed at f-5.6 for all images, and the exposure time was 2 s. All experiments were conducted inside a dark room, and the ambient temperature surrounding the system was maintained at 23 ± 1 • C.
In each experiment, the flow chamber was dry-packed with a specific volume fraction of macro-pores and micropores. After the chamber was fully packed with the double-porosity media following the procedure in Sect. 2.1, the top frame of the flow chamber was reattached and black silicon was used to seal all gaps. The light source was switched on and after 30 min; an image of the double-porosity sample at dry condition was collected (I d ). The chamber was then slowly purged with CO 2 gas for 40 min to remove the trapped air. CO 2 is very effective at displacing air and it dissolves relatively well in water. After purging, distilled water was slowly introduced into the flow chamber from the bottom ports under a positive pressure. After 1 h of saturating the flow chamber with water, the saturated transmission image (I s ) was captured. A predetermined amount of PCE (System Chemar, Malaysia) was injected into the water-saturated flow chamber through the top of the model using a syringe. The solubility of PCE in water is 200 mg/l at 25 • C, while its distribution coefficient (K D ) is 0.142 (Ruffino and Zanetti 2009) . Seven PCE increments (1.0, 2.0, 4.0, 6.0, 8.0, 10.0 and 12.0 ml) were injected subsequently into the model where every increment of PCE was 2.0 ml, and after the injection of each amount, images were captured. These intermittent injections with increments are necessary for mass balance calculation where the usage of seven increments will result in seven different points, which is better for correlating between the injected PCE amounts and calculated PCE amounts. PCE was dyed with Oil-Red O dye powder at a concentration of 0.1 g/l. This percentage is enough to facilitate a good visual observation of the PCE migration through the acrylic wall of the flow chambers. The usage of a small amount of dye is enough as reported by Kechavarzi et al. (2000) . Spectrophotometer was used to quantify the absorption coefficient of the dyed PCE at 600 nm. After image collection, the amount of PCE injected into the flow chamber was calculated based on image analysis, and the results were compared to the actual injected amount. Mass balance was then performed to investigate the difference between the calculated amount of PCE based on image analysis and every actual amount added into the flow chamber.
Image Acquisition and Processing
After collecting the images and prior to image analysis, all images were corrected for temporal variations following a method described by Bob et al. (2008) . Specifically, a reference image was identified, and this image was captured when the flow chamber was fully saturated with water. A small area in the flow chamber was used for temporal variation correction in light intensity and this area is referred to as the "correction area." This area should be fully saturated with water in all images. To correct a particular image, the light intensity of each pixel in the image was multiplied by the ratio of the average light intensity of the correction area for the reference image and the average light intensity of the correction area for the image to be corrected. Each time an image of the flow chamber was collected, at least three frames were captured in sequence and the average light intensity values of the three frames were used in the calculations. Image processing was carried out using Image-Pro Premier 9.1 software (Media Cybernetics Inc, USA). The whole image processing contains many steps, starting from conversion of the image from Red-Green-Blue (RGB) system to gray-level system and ending with extraction of the light intensity, pixel by pixel using image bitmap. It is important when conducting image processing that all images have the same setting in terms of variables such as spatial calibration, saturation calibration and area of interest (AOI). AOI refers to the area where all the measurements and calculations were performed within its boundaries and should be fixed for all images. The last step was exporting all intensity values into MS Excel to compute the required calculations.
DNAPL Saturation Calculation in Double-Porosity Soil
DNAPL saturation calculation in double-porosity soil can be derived from the equations that were developed by Bob et al. (2008) by adding a proper modification for the equations to make them suitable for the case of double-porosity soil. These equations will be used to calculate the DNAPL saturation in the flow chamber, pixel by pixel. Thereafter, the calculated DNAPL will be compared with the actual amount of DNAPL that was injected into the flow chamber in order to assess the errors from mass balance.
The main difference is the light transmission in double-porosity. In the case of single porosity, the light is transmitted through only one type of soil, and hence it is classified as single-porosity. However, in the case of double porosity, the light is transmitted through two types of soil with two distinct scales of porosity. Therefore, the initial equation for the transmitted light in double-porosity is:
( 1) where τ sw is the transmission factor at the sand particles-water interface, τ cw is the transmission factor at the clay particles-water interface, k s and k c are the number of sand particles and clay particles across the thickness of the flow chamber, respectively, α s is the absorption coefficient for sand particles, d s is the diameter of sand-particle, d c is the diameter of clay particle, α c is the absorption coefficient for clay particles, α n is the absorption coefficient of the dyed NAPL, d o is the average pore diameter, and k n is the number of the pores that are filled with NAPL. When the flow chamber is fully saturated with water, Eq. (1) is rewritten as:
On the other hand, when the flow chamber is fully saturated with NAPL, Eq. (1) is rewritten as:
Rearranging Eq. (3) will result in an expression of I N as a function of I s :
In practical cases, it is not easy to fully saturate the flow chamber with NAPL each time the model is packed. Therefore, Eq. (4) 
By substituting Eq. (4) into Eq. (5) and rearranging, the S N (NAPL saturation) term at each pixel can be derived:
Equation (6) is used directly to calculate NAPL saturation, pixel by pixel in double-porosity soil media in a two-phase system (NAPL-water). The total number of pores across the thickness of the whole flow chamber (k s , k c ) can be determined for both clay sphere and sand as proposed by Niemet and Selker (2001) :
The transmission factor, τ , can be calculated between any two phases by measuring the refractive index (n) of these two phases using Fresnel's law (Griffiths 1989) .
The refractive index value is 1 for air, 1.6 for sand, 1.33 for water (Tidwell and Glass 1994; Niemet and Selker 2001) , and 1.56 for kaolin (Ghosh et al. 1990) . These values can be used to calculate the transmission factors for different interphases. In addition, the transmission coefficient for water-NAPL τ wn can be calculated similar to the sand/clay-water/air interfaces using PCE refractive index of 1.501 (Bob et al. 2008 ). For Eq. (4), it is also needed to measure the absorption coefficient for dyed PCE (α n ), which can be done using a spectrophotometer. Furthermore, the pixel-averaged pore diameter (d o ) can be calculated by dividing the total length of the voids by K. The total length of voids across the thickness can be calculated by multiplying the thickness of the model with the porosity value.
The light intensity variations in the images captured using 600-nm wavelength filter were analyzed to calculate the quantity of PCE in the model after each PCE increment, and the observation was continued until the PCE reached the bottom of the flow chamber. When PCE was dyed with Oil-Red-O, it is essential to take into consideration both light absorption and light refraction processes in the PCE saturation calculation since the addition of dye results in reduction of light transmission in the flow chamber. When PCE was colored with dye, the transmission factor for the colored PCE-water interface (τ wn ) was unknown since the influence of dye on the light refraction at the PCE-water interface was unknown. Using mass balance calibration, the transmission factor of the PCE-water interface (τ wn ) was calculated. More specifically, when the first image was collected after the first increment of PCE (1.0 ml of PCE), τ wn was adjusted based on I N calculation to get the correct mass balance amount of the injected PCE volume (i.e., equal to 1.0 ml). This procedure was conducted for every experiment since each flow chamber was packed with different volumetric fraction of sand and spheres that may influence the value of transmission factor as the light intensity measured in each pixel is a function of numerous interfaces created by many pores within each pixel. The value of τ wn was then used in all subsequent calculations.
Results and Discussion
Experiment (1)
In this experiment, the double-porosity medium was created using a volumetric fraction of 50% for both sand and clay spheres. After packing the model with double-porosity media, different amounts of PCE were injected as mentioned in Sect. 2.2. The value of τ wn obtained for PCE-water interface for Experiment 1 is shown in Table 2 . Figure 4a shows the injected volume of PCE plotted against the calculated volume of PCE from image analysis. As it can be observed, a very strong correlation was found between the injected and calculated volumes of PCE (R 2 = 0.994). The maximum error was 11%, while the minimum error was 3.3%. Moreover, the overall deviation of the calculated PCE volumes from the injected ones was obtained using the root-mean-square deviation (RMSD) as given in Eq. 9.
where N is the increment of PCE, V cal is the calculated PCE volume from image analysis and V inj is the injected PCE volume. An RMSD value of 0.47 ml was found for Experiment 1. It should be noted that in Fig. 4 , the image of the first PCE increment (1.0 ml) was excluded from the graph since it was used for the transmission factor calibration for the colored PCE-water interface. Many factors contributed to the error that affect the measurements of light intensity as reported by Bob et al. (2008) . The most important factors contributing to the error of mass balance calculations are usually noise in the camera signal as well as the non-uniform variations in light source intensity. For the first factor, it is known that noise in the camera signal is present in each pixel (Niemet and Selker 2001) . Therefore, it is believed that its influence does not contribute to mass balance calculation since it averages out of the summation of all pixels (Niemet and Selker 2001) . For the second factor, the stability of light source can be improved by reducing the number of times the light source is turned on and off. In all the experiments, the light source was turned on during the entire period of the experiments and the image capturing was initiated after about 30 min of turning on the light source to ensure that the light source is stable. Other factors may also influence the mass calibration calculation in these experiments. One of these factors is the conceptual model that was used to calculate the PCE saturation. The conceptual model assumed that each pore was either full or empty of PCE which may not necessarily be in the actual situation. In reality, it is possible that only a small fraction of the pore volume was filled with PCE, which in turn, results in an underestimation of PCE volumes by image analysis (Bob et al. 2008) . Furthermore, the conceptual model assumes that the average pore diameter is similar in all pixels whereas in reality there exist many pore diameters especially in the clay spheres. Another factor that can also contribute to the errors in mass balance calculation is the calculation of I N value. As mentioned earlier, I N was theoretically calculated using Eq. (4) which may not be exactly representing the real case. Figure 5 shows the PCE distribution after 5, 10, 30 and 60 min. During the first 5 min, the PCE migration was shown to be very fast, and it migrated around halfway through the double-porosity sample as it can be seen in Fig. 5a . After 5 min, the velocity of the PCE significantly decreased, and it reached the bottom of the flow chamber after 34 min. It is believed that the PCE flow would occur preferentially through the macro-pores since the size of the macro-pores were many times larger than the size of the micropores . This means that for pores that contain water, the PCE have to overcome a relatively lower capillary pressure to enter the macro-pores as compared to micropores. Upon reaching the bottom of the flow chamber, the PCE migrated horizontally across the bottom side of the flow chamber. It is believed that in the top layers of the flow chamber, there were more macro-pores as compared to the bottom layers. This situation is most likely due to an uneven compression in the top layers. This result is in agreement with Sa'ari et al. (2015) . In their study, they observed the migration of LNAPL in double-porosity soil represented by aggregated kaolin. They found that the downward migration of the LNAPL was very fast during the first 100 s but the migration velocity gradually declined. The authors concluded that consistency of compaction can possibly affect the LNAPL migration in double porosity.
Experiment (2)
In the second experiment, the volumetric fraction was 45 and 55% for clay spheres and sand, respectively. The same double-porosity soil packing procedure in Experiment 1 was used. The value of τ wn obtained for the PCE-water interface in Experiment 2 is shown in Table 2 . Figure 4b shows the injected volume of PCE plotted against the calculated volume of PCE from image analysis. A strong correlation was found between the injected and calculated volumes of PCE (R 2 = 0.998) where the maximum error was 10% whereas the minimum error was 1.6%, which is less than the results obtained in Experiment 1. An RMSD value of 0.44 ml was obtained for the calculated data.
The behavior of PCE in Experiment 2 was different as compared to its behavior in Experiment 1 in which the velocity of PCE migration was much faster in Experiment 2. In the first 5 min of migration, the PCE penetrated more than half the length of the flow chamber and it reached the bottom of the flow chamber after 23 min. In Experiment 2, during the first 5 min, five of the seven increments were injected into the flow chamber where the velocity of the PCE increments was almost similar for all observations. The velocity of the PCE during the first 5 min was 4.8 cm/min, and then it decreased to an average velocity of 1.27 cm/min until it reach the bottom of the flow chamber. This could be because of the higher pressure of the PCE due to high amount of PCE injected during the first 5 min which in turn reflected on its migration velocity. The same behavior was observed in Experiment 1 but with difference in the PCE migration velocity. During the first 5 min of the PCE migration, five PCE increments were injected and they migrated with an average velocity of 4.3 cm/min. After the sixth minute, the velocity decreased to an average velocity of 0.79 cm/min until it reached the bottom of the flow chamber. Figure 6 shows the PCE behavior in the second experiment. This result is most likely due to more macro-pores existing in Experiment 2 as compared to Experiment 1. When the double-porosity has more macro-pores, this means less resistance for PCE migrating through the soil medium. Therefore, the PCE migration velocity in Experiment 2 is higher as compared to the migration velocity in double porosity with less macro-pores.
Experiment (3)
In Experiment 3, the macro-pores were increased where the volumetric fraction used was 60% of sand and 40% of clay spheres. The same packing procedure used in the two previous experiments was applied. The value of τ wn calculated for the PCE-water interface in Experiment 3 is shown in Table 2 . In addition, the correlation between the PCE volume injected into the flow chamber and the calculated PCE volume from image analysis was plotted (R 2 = 0.995) as shown in Fig. 4c . The maximum error was 12.5%, while the minimum error was 2.5%. The RMSD was calculated and a value of 0.53 ml was obtained. The observation of PCE migration is shown in Fig. 7 which depicts that in the first 5 min of migration, the behavior of PCE was totally different as compared to the two previous experiments. The PCE migrated horizontally during the first few minutes of injection. Specifically, after the second increment of PCE (i.e., 2 ml), it started to move to the right side of the flow chamber, after which it moved downward as shown in Fig. 7a . During the first 5 min, the PCE migrated nearly halfway vertically through the soil sample which is less than the distance travelled in the second experiment, and this result was not expected. It is believed that the PCE slowed down due to horizontal migration during the first 5 min. This behavior could be the result of more compaction for the double-porosity medium at the top of the flow chamber. After the sixth minute of the PCE migration, the PCE flowed much faster as compared to the behavior during the first 5 min. As it can be seen in Fig. 7b , the PCE reached nearly 40 cm of the flow chamber after 10 min where some parts of the PCE appeared near to the bottom side of the flow chamber. This phenomenon could be due to some parts of the PCE that flowed at the back of the flow chamber before it appeared at the front. The PCE reached the bottom of the flow chamber in 17 min and after that it moved horizontally until it reached both sides of the flow chamber. When comparing the behavior of PCE in Experiment 3 with the behavior of PCE in the two previous experiments, it is clear that the behavior is different where the PCE plumes in Experiment 1 and 2 were fairly symmetric and zigzag. This variation can be explained by the difference in the composition of the double-porosity medium (i.e., the ratio of macro-pores and micropores). It is known that the macroscopic behavior of the double-porosity medium is mainly affected by two factors; the local geometry of pores and the contrast in hydraulic conductivity (Lewandowska et al. 2005) . As the composition of the double-porosity medium in Experiment 3 contained 60% macro-pores and 40% micropores, it is believed that the unsymmetrical PCE behavior was due to high contrast in the degree of heterogeneity of pores as well as hydraulic conductivity where the hydraulic conductivity ratio at saturation between clay spheres and sand was 0.02.
The cumulative migration depth of PCE for the three experiments is shown in Fig. 8 . The migration depth values were obtained for each image based on the image acquisition frequency using the Image-Pro Premier software.
From the experiments, it can be observed that the main difference in the three experiments was the volume of macro-pores and micropores. We believe that the dominant type is the macro-pores since the size of macro-pores is many times bigger than the size of micropores. In a previous study, Ngien et al. (2012) performed some experiments to investigate LNAPL migration in double-porosity and compared the results with other studies that were conducted in single-porosity media. The authors noted that the LNAPL flow occurred preferentially through the macro-pores. This result is consistent with the results obtained by Peng et al. (2015) and Lewandowska et al. (2008) . In their study, they visualized the water flow in double-porosity soil made from the same materials used in this study (i.e., sand and clay spheres). They concluded that the water migrated only in the sand matrix (macro-pores). These findings prove that the macro-pores have a big effect on the migration of DNAPL in double-porosity media.
One-way statistical analysis of variance (ANOVA, P < 0.05) was used to validate the accuracy of the method between the three experiments. The calculated amounts of PCE from the image analysis were tested. The statistical analysis results show a slight difference between the means of the three experiments where the standard deviation between the three means was 4.8%. Furthermore, the migration velocity of the PCE throughout the three experiments was also tested using the ANOVA test with (P < 0.05). A difference between the means in the velocity was noted where the means were 2.31, 2.68, and 2.93 cm/min for experiments 1, 2 and 3, respectively.
Experiment (4)
Experiment 4 was conducted following the same procedure employed in the previous experiments. The sole difference in this experiment is that the flow chamber was filled with only silica sand as a single-porosity medium to investigate the influence of double-porosity characteristics found in experiments 1, 2 and 3 on the migration of PCE. In this experiment, the same equation used by Bob et al. (2008) was used for PCE saturation calculation since the porous medium is of single porosity. For the mass balance calculation, the findings were in agreement with the previous experiments where a strong correlation was found between the injected volume of PCE and the calculated amount of PCE from image analysis (R 2 = 0.996). The overall deviation of the calculated PCE volumes from the injected ones was also calculated and the RMSD value was found to be 0.56 ml in this experiment.
The transmission factor τ wn obtained for the PCE-water interface was 0.9965, which is higher than the transmission factors obtained for the three double-porosity cases. As mentioned earlier, the absorption process has a significant effect in PCE saturation calculations with many factors influencing the absorption process. One of these factors is the average pore diameter (d o ) which is different for single-and double-porosity media. It is believed that the light intensity through the flow chamber was reduced due to different interfaces that resulted from the composition of double-porosity soil, which in turn caused a decrease in transmission factor in double-porosity condition as compared to single-porosity.
For PCE behavior in single-porosity as shown in Fig. 9 , it is different from that found in double porosity. It was clear that the velocity of PCE in sand is very small as compared to the velocity in double porosity. The PCE migrated roughly 7 cm during the first 10 min of injection, whereas within the same duration in double-porosity soil, it travelled more than half of the height of flow chamber for all experiments in double-porosity medium. Basically, the four experiments were conducted under the same conditions, same PCE volumes and same flow chamber dimensions with the only difference being the type of medium used. We believe that the main factor influencing the PCE velocity is the porous media. Macro-pores in double-porosity soil, which constitute the main difference in the composition of single and double-porosity, have a substantial effect on the migration of PCE. This observation is in agreement with the findings of Ngien et al. (2012) . They conducted an experimental study for LNAPL migration in a 1-D column filled with double-porosity aggregated kaolin, and compared their results with a study by Alias (2003) who conducted the same experiment using single-porosity, poorly graded sand. Ngien et al. (2012) reported that LNAPL migrated much faster in the double-porosity media as compared to those with single porosity, and this is due to the presence of macro-pores.
Conclusion
In this paper, three 2-D experiments on double-porosity soil with different volumetric fractions of macro-pores and micropores were carried out in order to investigate the influence of macro-pores on DNAPL migration in double-porosity soil using LTV method. Doubleporosity was created using local silica sand and sintered spheres of kaolin arranged in a periodic manner. The PCE was injected into the flow chambers and images were captured using digital camera based on specific time intervals. Very strong correlation was found between the injected PCE amounts into the flow chamber and the calculated PCE amounts from image analysis. The same experiment was carried out again by filling the flow chamber with only silica sand as a single-porosity medium. The PCE migration velocity in the single-porosity sample was very small as compared to the migration velocity in experiments conducted with double-porosity medium. This observation is due to the presence of the macro-pores which have a significant effect on PCE migration. The results of this study show that LTV can provide high-spatial-resolution data for DNAPL saturation measurements in double-porosity soil in systems with two fluid phases.
